Objectives The aim of this randomized, double-blind, crossover study was to measure fluoride in saliva and 7-day-old biofilm fluid and biofilm solids after rinsing three times per day for
Introduction
Individuals with a high caries activity are often prescribed fluoride toothpaste containing 5000 ppm fluoride. Nevertheless, the only clinical trial that has addressed the effect on enamel caries of using this high-fluoride toothpaste did not show a statistically significant effect on caries incidence compared to the use of conventional toothpaste (1450 ppm fluoride) [1] . However, a recent systematic review concluded that 5000 ppm fluoride toothpaste may be more effective for arrest of root caries than conventional 1000-1500 ppm fluoride toothpastes [2] .
The rationale behind the use of 5000 ppm fluoride toothpaste rests on the assumption that this concentration will elevate the fluoride background level in the oral compartments more than 1500 ppm fluoride toothpaste [3] . Nevertheless, only Pessan and co-workers [4] have measured salivary and biofilm background fluoride after regular use of 5000 ppm fluoride toothpaste and found significantly greater background fluoride concentrations after use of toothpastes containing 5000 compared to 1000 ppm fluoride. No studies have reported on fluoride in biofilm fluid and biofilm solids and whole saliva concomitantly after regular exposure to 5000 ppm fluoride, or the kinetics of fluoride concentrations in these compartments after such high-fluoride exposures. As caries develops beneath a biofilm and because higher amounts of fluoride are found within the biofilm compared to saliva [5, 6] , it is likely that fluoride reservoirs in the biofilm may be the most important fluoride sources for control of caries. Therefore, further studies are needed to explore the potential effect of 5000 ppm fluoride products to increase the intra-oral reservoirs of fluoride.
The aim of this randomized, double-blind, cross-over study was to measure the background fluoride level obtained in 7-day-old biofilm fluid and biofilm solid compartments, and in saliva after rinsing with 0, 1500, or 5000 ppm fluoride (NaF) three times daily for 3 weeks. Furthermore, the study aimed at estimating the additional fluoride accumulation in biofilm fluid, biofilm solids, and saliva during the first hour after a single rinse following the 3-week fluoride rinsing regimens.
Materials and methods

Participants
Twelve female dental students from Aarhus University volunteered for this study. The participants were non-smokers, without signs of active caries or periodontitis, and had not received medication during the previous 3 months. All participants resided in an area with less than 0.29 ppm fluoride in the drinking water. The study was approved by the Central Denmark Region Committees on Health Research Ethics (case no. 1-10-72-165-14) and informed written consent was obtained from all participants.
Study design
The study entailed three experimental periods, each comprising 3 weeks of rinsing three times daily (for 2 min) with of one of three experimental NaF rinses (10 mL) containing either 0, 1500, or 5000 ppm fluoride (F). The participants were instructed and shown how to rinse vigorously. For the first 2 weeks of each 3-week rinsing period, participants adhered to their usual oral hygiene procedures, but used non-fluoride toothpaste (Biorepair; Coswell, Funo, Italy). On day 15, a scale and polish was given, and participants subsequently refrained from all oral hygiene procedures during the following 7 days to allow biofilm accumulation (Fig. 1) . Hence, the calcium content of the toothpaste cannot have influenced the calcium content of the dental biofilm. On day 22, biofilm and saliva samples were obtained, and a scale and polish was given before commencing the next experimental period. The order of exposure to the three experimental rinses was determined using four 3 × 3 Latin squares with participants as rows and experimental rinses as columns, thereby ensuring the out-balancing of first-order carry-over effects among participants [7] .
Experimental NaF rinses
Fluoride rinses were produced in our laboratory using sodium fluoride (sodium fluoride, Sigma-Aldrich, St. Louis, MO, USA). The test solutions were bottled in vials (10.0 mL), 15 μL of peppermint oil was added to each portion, and solutions were coded, labeled, and kept cool until use.
Biofilm and saliva sampling at day 8 of biofilm accumulation
When reporting for the sampling session in the morning, participants were fasting and had refrained from using the experimental rinse since the night before. Thereby, the latest rinse had taken place approximately 10 h prior to the sampling session. Background biofilm and saliva samples were harvested, and participants were then asked to rinse with the appropriate experimental rinse. Subsequently, new biofilm and Fig. 1 The study was designed to include three experimental periods, each of 3-week duration. The 3 weeks prior to day 22 was used as a washin/wash-out period, adjusting the background fluoride level to the experimental rinse used at day 22. At day 22, biofilm and saliva samples were taken before and 10, 30, and 60 min following the single rinse saliva samples were taken at 10, 30, and 60 min after rinsing ( Fig. 1) . Unstimulated whole saliva was collected by letting each participant drool (5 min) into a funnel connected to a polypropylene type (Falcon tube; Sarstedt, Nümbreht, Germany). Biofilm was harvested from different quadrants at each time point (background, 10, 30, and 60 min), and the order of the sampling quadrants was determined using Latin squares (as described above). Biofilm was obtained by scraping a dental probe across the vestibular surfaces of the premolars and molars including the entrances to the interproximal surfaces. The biofilm was immediately transferred from the probe to a plastic Bspatula^mounted in a hemostat [8] whereafter both the biofilm and the spatula were immersed in oil in a closed pipette tip [9] .
Fluoride analyses
Each biofilm sample was separated into the supernatant (biofilm fluid) and the residue (biofilm solids) by centrifugation as previously described by Vogel et al. [10] and Staun Larsen et al. [9] . Analyses of the fluoride concentrations in biofilm fluid, biofilm solids, and whole saliva were carried out in technical triplicates using the inverted fluoride electrode method described by Vogel [11] and Vogel and co-workers [12] . Briefly, a modified half-cell fluoride ion selective electrode (Fluoride Solid State Half-Cell ISE, Orion; Thermo Scientific, Chelmsford, MA, USA) was inverted and connected to a potentiometer (high-impedance amplifier; FD223a; World Precision Instruments, Sarasota, FL, USA). A drop of sample was placed on the electrode surface which was covered by oil to prevent evaporation. When the reference electrode was brought into contact with the sample drop, the circuit was completed and a potential (mV) was generated. When the potential had stabilized (fluctuations have ceased), an average (mV) was calculated over a 10-s period.
A volume of 50 μL of whole saliva samples was mixed with TISAB III (1:10) (Orion 940911, Thermo Fisher Scientific, Chelmsford, MA, USA) in Eppendorf tubes. Subsequently, a drop of the saliva mixture was transferred to the electrode surface by a capillary micropipette and analyzed for fluoride as described above. A drop of biofilm fluid was transferred directly from the storage capillary micropipette to the electrode surface and allowed to fuse with a pre-applied drop of TISAB III (1:10).
Biofilm solids were processed as described by Tenuta et al. [5] . Briefly, the sample comprising biofilm solids plus oil was added to 10 μL of 0.5 M HCl per milligram biofilm (wet weight, see Staun Larsen et al. [9] ), rotated in a blood agitator, and centrifuged, and the supernatant collected. Subsequently, 20 μL of the supernatant was neutralized using NaOH, TISAB III added, and a drop of the mixture was transferred to the electrode surface for fluoride analysis.
Standard solutions
The fluoride standard solutions for saliva and biofilm fluid were diluted (1:10) with TISAB III and fluoride concentrations ranged from 1 to 20,000 μM. The fluoride standard solutions for biofilm solids contained HCl, NaOH, and TISAB III in the same proportions as the biofilm solid sample mixtures and their fluoride concentrations ranged from 1.25 to 10,000 μM fluoride.
Data analysis
The fluoride concentration values of the standard fluoride solutions were log transformed (log 10 ) to remove skewness and normalize the data. Subsequently, the mathematical function describing the relationship between the known standard fluoride concentrations and the resulting potentials (mV) was determined using fractional polynomial regression (STATA 13.1, StataCorp, College Station, TX, USA).
Using these mathematical functions, the observed potentials (mV) were converted into log 10 fluoride concentrations (log 10 (μM)). The estimated log 10 (μM) fluoride concentrations in the biofilm solid mixtures were further converted into log 10 (μmol/kg) as described by Staun Larsen et al. [9] . The mean value of the triplicate assessments of each sample was calculated and used in all further analyses.
The data for analysis comprised logarithmic fluoride concentrations for each of the compartments: biofilm fluid, biofilm solids, and saliva for each of four time points (background, 10, 30, and 60 min) for each of three F rinse concentrations (0, 1500, and 5000 ppm) evaluated in each of the 12 participants. Thereby, the observations on fluoride concentration in any of the three compartments could be considered nested in time (n = 4), nested in test rinses (n = 3), and nested in participants (n = 12) (Fig. 2) . Analysis of this data structure calls for the use of a three-level hierarchical model. As Q-Q plots showed that normal distribution assumptions worked reasonably well, three-level mixed-effects linear regression models (STATA 13.1, StataCorp) were used to estimate the fixed effects of time of sampling and test rinse fluoride concentration on the fluoride concentration in the compartment under analysis (biofilm fluid, biofilm solids, or saliva), taking into account the nesting of time of sampling (background, 10, 30, 60 min) in rinse F concentration (0, 1500, 5000 ppm), which, in turn, is nested in participant.
Two-sample paired t tests were used to compare the fluoride concentrations (log 10 (μM) and log 10 (μmol/kg), respectively) within each of the three compartments between the 1500 and 5000 ppm test groups at time point 0 (background).
Results were back-transformed to obtain fluoride concentration ratios.
For each test rinse and for each sampling compartment, the total fluoride accumulation resulting from the 3-week rinsing period, including the accumulation during 1 h following a single rinse, was estimated using the area under the curve (AUC total ). Hence, the AUC total can be seen as resulting from two fluoride sources-the background fluoride level resulting from the 3 weeks of fluoride rinsing and the single rinse fluoride addition (AUC single rinse ) over the first hour following the single rinse. The AUC total and the AUC single rinse values for each of the three compartments were calculated on the basis of the actual fluoride concentration values (mM or mmol/kg).
Analysis of the AUC values was carried out using twolevel mixed-effects linear regression analysis since the AUCs are nested in test rinses, which are nested in participants. Following the multilevel modeling, Bonferronicorrected pairwise comparisons (ΔAUC total and ΔAUC single rinse ) between test rinses were conducted (STATA 13.1, StataCorp) for each of the three compartments.
Results
All 12 participants completed the study. Thirteen samples among the 432 possible samples could not be analyzed (Fig.  2) .
After 3 weeks of rinsing, the background fluoride concentrations following overnight fasting were statistically significantly elevated for the 5000 ppm and the 1500 pm rinse, compared with the 0 ppm rinse in all three compartments (biofilm fluid, biofilm solids, and saliva) (Fig. 3) . Moreover, paired analyses showed that the background fluoride concentration was statistically significantly higher in the 5000 ppm compared to the 1500 ppm group in all three compartments. The fluoride concentration ratio (5000 ppm/1500 ppm) was 2.1 (95% CI = (1.4; 3.1)) for biofilm fluid, 2.3 (95% CI = (1.1; 4.8)) for biofilm solids, and 2.3 (95% CI = (1.2; 4.4)) for saliva. For the unpaired estimates, the ratios were 2.2, 2.3, and 2.7 for biofilm fluid, biofilm solids, and saliva, respectively. 106 (2) 419 (13) 1232 (64) Fig. 2 Illustration of the assessment hierarchy (actual n (missing n))
Multilevel mixed-effects linear regression analysis (Table 1) showed that during the 1-h period following the 1500 ppm test rinse, the fluoride concentrations in the biofilm fluid were 70.2 times higher than seen following the control rinse (0 ppm). The corresponding values for the biofilm solids and saliva were 45.4 and 48.8, respectively. For the 5000 ppm test rinse, the fluoride concentrations in biofilm fluid were 144.7 times higher compared to that observed for the control rinse. The corresponding estimates for the biofilm solids and the saliva were 65.8 and 89.6, respectively (Table 1) . For all three compartments, the 10-min measurement gave the highest fluoride concentration estimate and all subsequent measurements were lower (Fig. 3) . At 60 min, the fluoride concentration estimates for the biofilm fluid and saliva still remained statistically significantly higher than the background values ( Table 1, Fig. 3 ), whereas this was not the case for the biofilm solids where fluoride concentrations did not differ statistically significantly from the background value at the 30-and 60-min assessments. Overall, the estimates for the effect of sampling time were much lower for biofilm solids (1.2-1.7) than for biofilm fluid (3.3-14.2) and saliva (5.6-19.5).
The total fluoride accumulation observed in saliva over the 1-h period following the rinse (AUC total ) was 28.4 and 99.7 (mM) * min greater following the 1500 and the 5000 ppm F rinse, respectively, compared to the 0 ppm F rinse (Table 2 ), but the difference between the 1500 and the 5000 ppm rinses (71.3) was not statistically significant. For biofilm fluid, the total fluoride accumulation over the 1-h period following the rinse (AUC total ) was 135.8 and 301.3 (mM) * min greater following the 1500 and the 5000 ppm F rinse, respectively, compared to the 0 ppm F rinse (Table 2) , and the difference between the 1500 and the 5000 ppm F rinses (165.5) was statistically significant in favor of the 5000 ppm F rinse. By and large, the estimated differences regarding the total fluoride accumulation observed in saliva and biofilm fluid were identical to those attributed to the single rinse only (Table 2) .
For biofilm solids, the total fluoride accumulation over 1 h after the 1500 and 5000 ppm F rinses was 1153.9 (mmol/kg) * min and 1476.8 (mmol/kg) * min, respectively, greater than for the 0 ppm F rinse. The difference between the 1500 and the 5000 ppm rise was not statistically significant ( Table 2 ). The estimated differences regarding the total fluoride accumulation observed in biofilm solids were about 1.6-1.9 times greater than the differences observed following the single rinse only ( Table 2) .
Discussion
The present study is the first to concomitantly measure the fluoride concentration in biofilm fluid, biofilm solids, and saliva after regular exposure to 5000 ppm fluoride. The main finding is that rinsing three times daily for 3 weeks elevates the fluoride concentration in 7-day-old biofilm and in saliva. This Bbackground^fluoride concentration was approximately twice as high when exposed to 5000 compared to 1500 ppm fluoride in all three compartments. Another important finding is that the additional 1-h accumulation of fluoride in biofilm solids following a single rinse showed no difference between the 5000 and the 1500 ppm fluoride groups.
Intriguingly, our analyses indicated that elevating the fluoride exposure by a factor of almost 3.5 only doubled the background fluoride concentration in all compartments. Although for saliva, the unpaired analysis indicated a ratio of 2.7. One might have expected higher concentrations in saliva, since previous studies on whole saliva [13, 14] have demonstrated an almost linear dose-response relationship between the fluoride concentrations in saliva and the concentration of fluoride in toothpaste for fluoride concentrations up to 2500 ppm. The present data suggest that the linear dose-response relationship may not extend to 5000 ppm fluoride.
After 3 weeks of rinsing, the background salivary fluoride concentrations in our study were 0.15 ppm in the 1500 group and 0.42 ppm in the 5000 ppm fluoride group. These values are broadly in line with the observations of Pessan et al. [4] who found 0.082 and 0.253 ppm fluoride in saliva following exposure to toothpastes containing 1000 and 5000 ppm fluoride, respectively. The only slightly higher values in our study are remarkable since the fluoride exposure in our experiment must have provided a tenfold larger amount of fluoride per rinse (10 mL) than brushing with approximately 1 g of fluoride toothpaste, even assuming a 100% bioavailability of the fluoride in the paste. Moreover, our participants were exposed to experimental fluoride for 3 weeks whereas the participants in the study by Pessan et al. [4] were exposed for only 5 and 10 days. A study by Ekstrand et al. [15] reported an average salivary fluoride concentration of 0.8 ppm during 2 weeks of brushing with 5000 ppm fluoride toothpaste three times daily. This concentration, which is higher than observed in the present study, may be ascribed to the fact that the participants were older and some had reduced salivary secretion. Perhaps more importantly, however, Ekstrand and colleagues employed a sampling scheme with a shorter time elapse between the last fluoride exposure and sampling. The salivary fluoride levels following rinsing with 1500 ppm F in the current study are higher than those reported by Duckworth and Morgan [13] after 2 weeks and Richards et al. [16] after 1 and 3 years. This might be explained by a higher frequency of rinsing in our study as well as differences in the amounts of fluoride applied when using rinses versus toothpaste, as described above.
The elevated background level of fluoride in the biofilm following regular rinsing with 5000 ppm fluoride is relevant from a caries control point of view. Nevertheless, the literature is conflicting as regards the caries-controlling effect of brushing with 5000 ppm fluoride toothpaste. Thus, no clearcut additional effect of high-fluoride toothpaste was observed in a clinical trial on enamel caries in adolescents [1] . In this context, it should be appreciated that the participants in the current study were caries-inactive dental students highly compliant with the prescribed rinsing regimens. Caries-active individuals may not be able to fill their fluoride reservoirs in the biofilm solids during frequent acidic challenges [5, 17] . Similarly, infrequent tooth brushing with fluoride toothpaste is likely to be insufficient to build up a substantial background level of fluoride in the oral cavity, including the oral mucosal surfaces [14, 18, 19] . Both of these factors could disturb the equilibrium between fluoride in the biofilm solids, biofilm fluid, and saliva and influence the caries processes negatively.
A remarkable observation of this study was the similar accumulation of fluoride in biofilm solids during 1 h after a single rinse when comparing the 1500 to the 5000 ppm fluoride group, which contrasts the two-or fourfold differences found for biofilm fluid and saliva (Table 2 ). This observation indicates that fluoride is not readily taken up by the biofilm solids and that a constant and long-term exposure is needed to accumulate fluoride in biofilm solids. Also, the fact that the 5000 ppm fluoride rinse did not increase significant fluoride in biofilm solids beyond the concentrations found after the 1500 ppm fluoride rinse may indicate that the solids compartment was already Bsaturated^by the previous week of fluoride exposure.
Based on our observations, approximately half of the amount of fluoride accrued in the biofilm solids represents the Bpast^or Bhistoric^accumulation of fluoride over 1 week, whereas the amount of fluoride in saliva and biofilm fluid 1 h after rinsing essentially reflect the recent fluoride exposure (Table 2 ; compare ΔAUC total and ΔAUC single rinse ). This illustrates that fluoride easily enters and leaves the saliva and biofilm fluid compartments. The fact that fluoride is better retained in biofilm solids suggests that at least part of the fluoride may be bound to bacteria, e.g., via Ca-F binding sites, as proposed by Rose et al. [20] .
We conclude that regular exposure to 5000 ppm fluoride results in considerably higher background fluoride concentrations in saliva, biofilm fluid, and biofilm solids than exposure to 1500 ppm fluoride. Even though fluoride toothpaste may be diluted in saliva, the results of the present study indicate that the use of 5000 ppm fluoride toothpaste might lead to improved caries control. The apparent Bsaturation^of our 7-day-old biofilm solids should be verified. Further studies using different experimental conditions are needed to explain the dynamics of fluoride at the saliva-biofilm interface. Fu nd in g Th i s st ud y wa s fu nd e d by t he p ri va te fu n ds BTandlaegeforeningen (FORSKU),^BFamilien Hede Nielsens Fond,â nd BFonden til fremme af Odontologisk Videnskab af 2001.^The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of interest.
Ethical approval All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. The study was approved by the Central Denmark Region Committees on Health Research Ethics (case no. 1-10-72-165-14).
Informed consent Informed consent was obtained from all individual participants included in the study.
